Abstract Protein crystallization is in part driven by the changes in the entropy of the system, but opinions differ as to whether the solute (protein) or solvent (water) molecules make more of a contribution to the overall entropic change. Methylation of lysine residues in proteins has been used to enhance protein crystallization. We investigated using molecular dynamics simulations with explicit solvent molecules, the behavior of several native proteins and their methylated counterparts chosen from an earlier large-scale study. Methylated lysines are capable of making a variety of interactions including H-bonds with protein residues and solvent. We demonstrate that methylation on the lysine slightly increases its side chain conformational entropy by about 3.5 J mol -1 K -1 . Analysis of the radial and spatial distributions of the water molecules around the methylated lysine surface in oxidoreductase from Streptococcus pneumoniae revealed a larger sphere of water molecules with low entropy, as compared with solvent associated with unmethylated lysine. If methylated lysine were to make interactions at the protein-protein interface, the lowentropy water molecules associated with methylated lysines would be released, resulting in a gain of entropy. We show that this gain more than compensates for the loss of protein entropy. Therefore, we propose that lysine methylation favors the formation of crystals through solvent entropic gain.
Introduction
Protein crystallization has long been the major bottleneck in structure determination using single crystal X-ray crystallography, and it remains as such in spite of many advances in the structural genomics era [1] . Typically, in order to obtain a good quality single crystal, protein is screened against hundreds to thousands of conditions with varying buffers, salt, ionic strength, pH, precipitant, temperature, ligands, various additives, etc. This approach is currently the standard procedure in almost all structural biology labs, but its limitation has received increasing attention from some research groups [2, 3] . For example, it was suggested that this approach may help to select for proteins that have high intrinsic propensity to crystallize [2] . For the majority of proteins that fail ''condition screening,'' changing the buffer might never lead to crystals.
In an alternative approach, instead of changing crystallization conditions one can change the properties of the protein itself to enhance its crystallizability. Several approaches have been employed for re-engineering the target protein (partial proteolysis, both in vitro and in situ, site-directed mutagenesis, chemical modification, the use of sequence orthologs) with varying degrees of success [4] [5] [6] . Chemical modification of proteins using reductive methylation has the advantage that it is very simple and it does not require additional protein expression and purification. Recently a large-scale investigation was carried out at the Midwest Center for Structural Genomics (MCSG) to assess the effect of lysine methylation. 370 unique proteins that failed to crystallize were chosen for reductive methylation treatment, and out of which 26 crystal structures of methylated proteins were determined. The method has *7% success rate, but often produces crystals that diffract to high resolution, resulting in better structures [7] . Despite its success very little is known about the underlying mechanism that contributes to the enhanced crystallization.
Our ability to predict the crystallization behavior of the protein molecules is largely plagued by our limited understanding of the crystallization process itself and by the horrendous task of predicting crystal packing contacts from protein sequence. The overall theoretical framework of the events involved in protein crystallization has been established [8, 9] . The free energy change of the crystallization process can be written as:
For most proteins, the enthalpy change, DH crystallize , is near zero or positive, which leaves the entropy change,DS crystallize , as the predominant driving force for crystallization. The overall entropy change can be further decomposed into the contributions from solute (protein) and solvent (water), respectively:
The first term DS protein is the entropy loss of the protein molecule in the transition from aqueous solution to the crystalline state, which originates from the decrease of the degrees of freedom of the backbone and side chain atoms of the protein. The second term DS water , on the other hand, represents the entropy gain due to the mobilization of protein-bound water molecules from the hydration shells surrounding the protein molecule into the bulk solvent during crystallization. In principle, based on this framework, there are two main strategies to engineer the target protein to enhance its propensity to crystallize: (i) minimize the entropy loss by decreasing the entropy of protein molecule in the aqueous solution, (ii) maximize the entropy gain by increasing the number of water molecules that will be released and/or enhancing their localizability. It has been shown in previous studies that mutating lysine (also Glu and Gln) residues on the surface of the protein molecule into alanine can yield diffraction quality crystals [5, 10] . This phenomenon was attributed to the fact the Lys ? Ala mutation can reduce the side chain entropy of the protein and facilitate better crystal packing near the site of mutation [10] [11] [12] . Since reductive methylation involves the lysine residues that are solvent exposed, it is intriguing to find whether it may use the same mechanism as proposed for the Lys ? Ala mutation. Interestingly, methylation of lysine residues plays also an important cellular function in chromatin remodeling, signaling and transcription regulation and is implicated in several diseases. The properties of methylated lysine and its interaction with proteins and solvent may have important implication to better understanding these processes [13, 14] .
In the present study, the effects of reductive methylation on the protein molecule and the surrounding solvent molecules are investigated using molecular dynamics (MD) simulation on both the methylated and unmethylated versions of a protein molecule, the structures of which were determined at MCSG. Before the simulations could be carried out, the molecular mechanics force field parameters for the dimethyl lysine (dmLys) were optimized to replicate the results from ab initio quantum mechanical calculations. From the MD trajectories, the properties of the protein molecules, including its global dynamics and the local motions near the methylation site, can be evaluated. More detailed analyses were carried out on the methylation site, so the values of the side chain conformational entropy of both methylated and unmethylated lysine residues can be calculated. Finally, we attempted to elucidate how addition of two methyl groups to lysine may impact the properties of solvent molecules near the site chain, and how it can weigh on the protein propensity for crystallization.
Materials and methods

Bi-molecular complex interaction energies
The interaction energies between the solute molecule (ethyl amine as a model for lysine and N,N-dimethylethyl amine for dmLys) and the solvent molecule (water) were estimated with the procedure similar to those employed in the development of molecular mechanics force field parameters. The geometry of both the solute and solvent molecules were optimized at the Hartree-Fock 6-31G(d) level of theory, and the hydrogen bonding complexes were constructed as shown in Fig. 1 . In all three cases, the oxygen atom in the water molecule serves as the hydrogen bond acceptor and the only geometrical parameter being optimized in the solute-solvent complex is the distance between the hydrogen bond donor (nitrogen for the first complex and carbon for the other two) and acceptor (oxygen from the water molecule). All calculations were carried using the GAMESS [15] package.
Parameterization of dmLys
The parameters of the native lysine are included in the standard CHARMM [16] package, and the parameters of dmLys were prepared following the established procedure for optimizing force field parameters as detailed in previous works [17, 18] . The optimized parameters for tetraethylammonium cation developed by Roux and co-workers [19] were used as the references for the bonded energy terms. The non-bonded energy terms, including the atomic partial charges and the van der Waals parameters, were adjusted to reproduce the interaction energy values calculated at the Hartree-Fock 6-31G(d) level.
Molecular dynamics simulation of proteins
Model molecule
The Gfo/Idh/MocA family oxidoreductase from Streptococcus pneumoniae was chosen as the target molecule for simulation and analysis. This protein was selected because the high-resolution crystal structures of both the unmethylated and methylated forms are available (PDB ids 2HO3 and 2HO5, respectively). Also, the residue Lys138 is unambiguously doubly methylated (dmLys) and is located near the subunit interface in both crystal forms, highlighting its importance in crystal packing. The two crystal structures have missing residues in the loop region between residues 154 and 171. These missing residues were modeled using the loop-building module in COOT to fit into the residual electron density. Hydrogen atoms were added to the heavy atoms using the HBUILD module in CHARMM. The protonation states of the side chains of titratable residues were set as follows: the side chains of Lys and Arg are fully protonated, Asp and Glu side chains are fully deprotonated, and the side chain of His is set to be neutral. The side chain of the methylated lysine residue, which shows a pKa range between 9.29 and 10.23 [20] , is also set as protonated on its e-nitrogen atom. The all-atom CHARMM27 force field [18] parameters were used for the protein molecules.
The protein model with the hydrogen atoms added were then submerged in a 120 Å by 120 Å by 120 Å cubic box of pre-equilibrated TIP3P [21] water molecules. The center of mass of the protein molecule is placed at the center of the water box, and the longest axis aligned along the x-axis. All water molecules whose oxygen atoms are less than 2.5 Å away from heavy atoms of the protein molecule are deleted. A total number of 17 sodium ions were added to the water box to counter the negative charge of the protein molecule. A 9 Å cutoff was used for the van der Waals non-bond interactions, and the particle-mesh Ewald (PME) method [22] was used to calculate the electrostatic interactions. All bonds involving hydrogen atoms were constrained using SHAKE [23] .
The fully solvated system was heated to 300 K with an increment of 50 K for every 500 ps. A harmonic restraint was placed on the heavy atoms of the protein, which was gradually released along the course of heating. After the system reached the desired temperature, it was subject to a further 3 ns of equilibration at constant temperature (300K) and pressure (1 atm). Once the system has reached equilibrium, as judged from criteria such as temperature, energy, and water box volume, trajectory data were collected from the subsequent 13 ns' simulation. All simulations were carried out using the NAMD [24] package.
Side chain conformational entropy
The side chain conformational entropy of the doubly methylated and unmethylated lysine side chains were calculated using the method proposed by Sternberg and coworkers [25, 26] . As shown in Fig. 2 , the torsional entropy of a C-C single bond is evaluated as
where p denotes the probability of the bond being in the gauche?, trans and gauche-states, respectively. For an amino acid side chain with multiple C-C single bonds, the overall conformational entropy is the summation of the individual bond torsional entropies: Enhanced crystal packing due to solvent reorganization
For Lys and dmLys residues as shown in Fig. 3 with torsional angles v, their side chain conformational entropy can be expressed as
Water density and entropy distribution
To calculate the density of water molecules in the vicinity of the methylation sites, the following method was employed. First, the space around the methylated lysine residue is divided into a series of concentric spherical shells with 1 Å thickness, centered on the e-nitrogen of the lysine residue. Then, for each saved structure in the simulation trajectory, the number of water molecules are counted for every shell, and averaged over the simulation time.
The entropy of water molecules in the hydration shell around the protein molecule was estimated with a gridbased direct counting method [27] . The space around the solute molecule is divided into 1 Å cubic grids, and each grid point is associated with a finer mesh with a dimension of 0.2 Å , which takes into account the distribution of water molecules around the grid point. For each grid point, the relevant water entropy can be expressed as the following equation:
S ¼ ÀR X l;m;n P l;m;n ln P l;m;n ð6Þ
where P l,m,n is the probability of finding a water molecule in the finer mesh point l, m, n surrounding the grid point, and R is the gas constant. The entropy is then plotted as a function of distance from the center atom, which is the enitrogen of Lys (or dmLys) residue.
Results
DmLys-water interaction energy
The interaction energy of the bimolecular complex formed by a solute (represented by ethyl ammonium, dimethyl ethyl ammonium and dimethyl ethyl ammonia) and a solvent (TIP3P water) molecule is a good indicator of the length and strength of the intermolecular hydrogen bonds, if they form. As shown in Fig. 1 , the nitrogen atom in the ethyl ammonium cation forms a strong hydrogen bond by donating a hydrogen atom to the oxygen of the water molecule. The interaction energy reaches its minimum of -18.4 kcal mol -1 when the distance between the hydrogen donor (nitrogen in ammonium) and acceptor (oxygen in water) is 2.84 Å . For the unprotonated dimethyl ethyl ammonia, the interaction energy with water is almost negligible. When the ammonia is protonated, however, the interaction energy profile changes substantially, with a minimum of -9.6 kcal mol -1 when the distance between the carbon and oxygen atoms is 3.28 Å . This implies that, when the nitrogen atom in dimethyl ethyl ammonia is protonated, the two methyl groups attached to it are polarized and can interact with polar atoms such as oxygen and nitrogen. Consequently, the interactions between the methyl groups and the water molecule exhibit certain traits of hydrogen bonds, albeit weaker in strength. The existence of such 'quasi' hydrogen bonds around the methylated lysine side chain is confirmed by the available crystallographic data, where the distances between the g-carbon and Fig. 3 The torsional angles (v) in Lys (top) and dmLys (bottom).
Only torsional angles around single bonds between two non-hydrogen atoms are counted. Because of the threefold symmetry along the CE-NE single bond in Lys, the torsional angle on this bond is not taken into account; for dmLys, however, the threefold symmetry no longer exists, and this torsional angle must be calculated also. As a result, there are 4 torsional angles being calculated for Lys, and 5 for dmLys nearby hydrogen bond acceptors are consistently between 3.1 and 3.4 Å [7, 28] .
Local hydrogen bond analysis near the methylation site There are two aspartate residues, Asp137 and Asp242, near the methylation site, Lys138, in the model protein (Fig. 4) , and the unmethylated and methylated lysine residues exhibit different interaction patterns with them. Because the two aspartate residues are over 8 Å apart, the unmethylated lysine side chain can form a hydrogen bond with one or the other, but not with both; on the other hand, the methylated lysine, with a radius of interaction that is about 1.4 Å longer, can potentially interact with both Asp137 and Asp242. This is evidenced by monitoring the distance between the NE atom of Lys/dmLys138 and the carboxylate oxygen atoms (OD1 and OD2) of Asp137 and Asp242 throughout the simulation.
As shown in Fig. 5a and b, in the unmethylated protein, at the beginning of the simulation, a hydrogen bond exists between Lys138 and Asp242 (Fig. 4a) , which is broken after 9.5 ns into the simulation (Fig. 4b) . The breaking of the hydrogen bond between Lys138 and Asp242, however, is accompanied by the simultaneous formation of another hydrogen bond, between Lys138 and Asp137 (Fig. 4b) . Due to its flexibility, the side chain of Lys138 can rotate between different conformations and alternate between mutually exclusive hydrogen bonds.
For the methylated protein, the hydrogen bond between dmLys138 and Asp242 remains largely undisturbed during the simulation (Fig. 5a, b) , and the distances between the NE of dmLys138 and OD1/OD2 of Asp137 are larger than 3.5 Å (Fig. 5c, d ), rendering it impossible to form hydrogen bonds between Asp137 and dmLys138 through the NE atom of the latter. However, the distance between the g-carbon of dmLys138 and OD1 of Asp137 is found to be fluctuating around 3.3 Å , within the optimal range for a methyl group-based hydrogen bond (Fig. 4c) [29] [30] [31] .
Side chain conformational entropy of the lysine residue Using Eq. 5, the side chain conformational entropy of Lys and dmLys were calculated from the trajectories of the MD simulations. To rule out the possibility that the results are artifacts due to inappropriate settings in the protein simulation, entropy values were calculated from the simulations of free Lys and dmLys using the same method. The calculated entropy value of free Lys was comparable with values from early experimentally and theoretically determined values [25, 26] , thereby validating the method being employed.
As shown in Table 1 , from the simulation with the whole protein molecule, dmLys shows a higher side entropy value than the unmethylated counterpart by about 3.5 J mol -1 K -1 . When the protein environment is not present, both Lys and dmLys have much larger degrees of freedom and hence larger side chain conformational entropy. In terms of relative entropy value, however, the same trend persists, with dmLys 4.3 J mol -1 K -1 higher than Lys. It is not unexpected that dmLys has a higher side Fig. 4 The local hydrogen bonding patterns near the methylation site, showing the methylation site, Lys138 and the two neighboring aspartate residues, Asp242 and Asp137. a depicts the vicinity Lys138 in the unmethylated protein, taken from the MD simulation trajectory at around the 6 ns mark; b also depicts the unmethylated protein, but taken at around 12 ns in the simulation; c depicts the methylated protein, taken around 7.5 ns in the simulation Enhanced crystal packing due to solvent reorganization 105 chain conformational entropy than Lys. In fact, as shown in Fig. 3 , after methylation, the threefold symmetry along the CE-NE single bond is lost, and the dmLys residue has one additional torsional angle that must be taken into account, which leads to higher entropy. What is surprising, however, is that in the protein environment, even with the introduction of two bulky methyl groups to the NE atom, dmLys still manages to exhibit more mobility and flexibility than Lys. Table 1 reveals that, the protein environment confines the movement of the Lys and dmLys side chains in the same manner and with almost equal force.
Solvent structure near the methylated lysine
Water is the universal solvent and media for all biological systems. Being encapsulated in a layer of water molecules known as the hydration shell, the protein molecules' behavior is intricately related to the structure and dynamics of the surrounding water molecules [32] [33] [34] . For a complex process such as protein crystallization or protein-protein binding, the role being played by the water molecules is crucial and cannot be ignored. The density of water molecules in a large volume ('bulk solvent') is nearly uniform, and using the dividing scheme Fig. 5 The distances between e-nitrogen of Lys/dmLys138 and d-oxygen atoms of Asp242 and Asp137 versus simulation time. a depicts the distance between NE of Lys/dmLys138 and OD1 of Asp242 versus simulation time; b depicts the distance between NE of Lys/dmLys138 and OD2 of Asp242; c depicts the distance between NE of Lys/dmLys138 and OD1 of Asp137, and d depicts the distance between NE of Lys/dmLys138 and OD2 of Asp137. The distances in the unmethylated protein are shown in black and the methylated protein in red. The unit of time axis is picosecond, and the unit of the distance axis is Å described above, the number of water molecules in each spherical shell would be proportional to the volume of the shell, which is in turn proportional to the square of the shell radius. As shown in Fig. 6a , at distances over 6 Å away from the center atom, NE of the lysine residue, the water density distribution is indeed proportional to the square of the distance, but abnormalities arise at shorter distances, where higher density solvent regions disobeying the simple parabolic curve appear. These high-density regions correspond to the peaks in the water radial distribution function near the e-nitrogen atom of Lys and dmLys (Fig. 6a) .
Water entropy distribution
The entropy distribution provides valuable information about the mobility of water molecules, which is not available from the aforementioned water density distribution function. Being in the liquid phase, the water molecules are constantly on the move, but their mobility is different in the solvent shell surrounding the protein molecule than in the bulk solvent. The interactions between the protein surface residues and water molecules act as restraints on the latter, which limit their mobility. As the restraints on a water molecule are reciprocally proportional to its distance to the protein surface, it will exhibit higher mobility-and consequently larger entropy-as it stays farther away from the protein surface. For the unmethylated lysine, only water molecules within a very small distance from the e-nitrogen have lower entropy, and water molecules beyond 3 Å resemble that of the bulk solvent (Fig. 6b) . Water molecules near dmLys, however, show a progressive increase of the entropy approaching the bulk solvent, leaving a larger 'low entropy water zone' between 3 and 6 Å from the e-nitrogen atom, which coincides with a peak in the water density (Fig. 6b) . With lower-than-normal entropy and higher-than-normal density, expelling water molecules in this region to the bulk solvent will incur a larger gain in entropy for dmLys than Lys. Similar to the calculation of lysine side chain conformational entropy, the water density and entropy distribution around the lysine side chain were calculated for free lysine and dimethylated lysine residues, with nearly identical results as in the model protein system (data not shown). Therefore, we believe that the solvent reorganization through reductive methylation is likely an intrinsic property of the lysine residues itself, which is present regardless of the surrounding protein environment.
Discussion
DmLys is involved in conventional and unconventional hydrogen bonds As shown in Results, after methylation, the dmLys residue has increased radius of interaction, and its properties changed as well. Similar findings have been reported for histone proteins, where methylation on the key lysine residues and the consequent change of side chain interaction patterns are responsible for protein recognition and binding, as well as chromatin remodeling and gene regulation [35] . These findings naturally lead to the question: is the interaction between the methyl group and nearby oxygen/nitrogen atoms a carbon-based hydrogen bond? The experimental evidence for a carbon-based hydrogen Fig. 6 The water density, radial distribution and entropy distribution near the Lys and dmLys side chain. a The bar chart showing the number of water atoms in consecutive 1 Å shells centered at e-nitrogen of the lysine residue and the solid lines depict the corresponding water radial distribution function g(O-O). Data from the unmethylated lysine are shown in black, the methylated lysine in red. The gray dashed line is the calculated water density assuming a uniform distribution, which is proportional to the square of the shell radius. b The water entropy distribution plotted with the density distribution (black unmethylated lysine; red methylated lysine). In the dmLys system, at between 3 and 6 Å from the residue side chain, there is a large zone filled with low entropy water molecules, which is not present in the Lys system. Also in the dmLys system, this 'low entropy zone' has higher-than-normal water density Enhanced crystal packing due to solvent reorganization 107 bond from various sources has been reported, ranging from small organic molecules to proteins, and, despite its low strength, it may act as contributing factor to molecular stability and recognition [29, 36] . Recent theoretical studies [30, 31] have shed more light on the strength and electronic nature of the presumed 'carbon hydrogen bonds', which are now sometimes referred to as 'unconventional hydrogen bonds' to distinguish from the stronger, 'conventional' counterparts. For the methylated lysine, the distance between the g-carbon and nearby oxygen/nitrogen atoms is found to be between 3.1 and 3.4 Å [7] . Also, the quantum mechanical calculations performed in the present and an earlier study [7] estimate the strength of the interaction to be approximately 9.6 kcal mol -1 , much stronger than non-specific van der Waals or Coulomb interactions, yet still weaker than a conventional hydrogen bond. The interactions through the g-methyl groups, therefore, can be categorized as an unconventional hydrogen bond. However, more atomistic details, including the polarization effects on the methyl groups, and the directionality of the hydrogen bond, remain unclear and require more rigorous treatment using higher levels of quantum mechanical theory, such as the Møller-Plesset perturbation theory [37] . Further work is currently under way.
Entropic contribution to protein binding and crystallization
Derewenda and co-workers have performed extensive sitedirected mutagenesis on several recalcitrant proteins, changing lysine (also Glu, Gln) residues to alanine (also to Ser, Thr, Tyr), and managed to obtain high quality crystals of the mutated protein [5, [10] [11] [12] 38] . The crystal structures revealed that the resulting alanine residues are often located along the crystal packing interface, forming head-tohead interactions [10] . The authors concluded that, by mutating lysine to alanine, its side chain conformational entropy is decreased by about 28 J mol -1 K -1 , and there will be less entropy loss as protein molecules pack using this residue [10] [11] [12] . However, the Lys ? Ala mutation amounts to more than just the shrinking of side chain volume, as it also annihilates a positive charge, which may have rather drastic effects given the low dielectric constant in the protein environment. The side chain conformational entropy, therefore, might not be the only underlying factor responsible for the enhanced crystallization behavior of Lys ? Ala mutants.
In the present study, the methylated lysine residues are also predominantly involved in crystal contact [7] , which again raises the question as what is the underlying driving force. Since both dmLys and Lys side chains are positively charged, they will share very similar electrostatic interaction profile. DmLys show higher side chain entropy than Lys by about 3.5 J mol -1 K -1 , which leads to a larger penalty for crystal packing. On the other hand, as shown in Fig. 6 , within 6 Å from the NE atom of dmLys, there are approximately 10 more water molecules with 20% lower entropy for dmLys than Lys as a result of solvent restructuring. When two dmLys residues form head-to-head contact with each other, water molecules in this region will be expelled to the bulk solvent and gain entropy for the whole system. Since freeing one fully immobilized water molecule into bulk solvent can increase the entropy of the system by *22 J mol -1 K -1 [39] [40] [41] , the entropic gain for dmLys can be estimated to be nearly 4 J mol -1 K -1 more than Lys for each released water molecule, which is more than compensating for the penalty due to the larger side chain conformational entropy. Therefore, we believe that the reorganization of solvent molecules near the dmLys residue, and the consequent entropy gain from releasing the low-entropy water molecules, instead of the entropy of the protein itself, is the significant factor that renders dmLys suitable for more favorable crystal packing interactions.
Interestingly, a similar mechanism may drive the protein-protein interaction involving methylated lysine with its specific binding sites. For example, the Sex comb on midleg (Scm) protein binds dmLys into a cage that is completely devoided of water molecules, and it uses methyl groups to interact with an 'aromatic cage' formed by three conserved nonpolar residues, and the NE atom to make strong hydrogen bond with another conserved Asp residue [42] . The preference of imbedding a methylated lysine side chain over an unmethylated lysine into the binding cage may be attributed to the release of low entropy waters around dmLys.
Methylated lysine as crystal packing 'hot spots' Just like small organic or inorganic molecules, the first step in protein crystallization is nucleation, or the alignment and assembly of a few protein molecules. Because protein molecules are macromolecules with a highly anisotropic surface, a stable multi-molecular assembly is only available when the molecules interact through surfaces that can form strong and stable interactions. These surface area patches, known as 'hot spots' [43] , are scattered throughout the protein surface, and the most stable molecular assembly from nucleation will have the molecules aligned in such a way that the hot spots with the most favorable interaction and minimal steric clashes are at the intermolecular interface.
While the lysine residue is generally not favored in the hot spot, mutating it to alanine or methylating its side chain changes it to the contrary, effectively adding more hot spots to the protein surface and expanding the repertoire of intermolecular interaction patterns. Given the complexity of protein surface shape and interactions, however, the new interaction patterns do not necessarily lead to better crystal packing. As a result, reductive methylation is by no means a 'silver bullet' for all proteins. For some protein molecules, the newly adopted interactions make it possible to crystallize; for some other protein molecules, better crystals become available due to the newly improved crystal packing; for some it may increase aggregation and be detrimental to crystallization, yet for still others, methylation might has no effects on crystallization at all. One possible strategy of manipulating the number and location of hot spots on the protein surface would be to simultaneously mutate some Lys residues and methylate others to create a new pattern of hot spots and at the same time reduce entropy of the protein and increase entropic gain upon formation of new interaction(s).
The protein pair 2HO5 and 2HO3 is a good example of how methylation enhances crystal packing. The loop between residues 154-173 in the protein is highly mobile, being prone to steric clash and disrupting the crystal packing. In the methylated protein, 2HO3, this loop is nestled in the groove formed by two helices, 122-136 and 294-316. This packing mode also places the residue Lys138 at the interface in a head-to-head manner, which will incur undesired electrostatic repulsions. For dmLys, the head-to-head contact can be stabilized by the release of low-entropy water molecules, whereas no stabilizing interactions are present for Lys. As a result, the crystal packing pattern as shown in Fig. 7b is only feasible for the methylated protein, and the unmethylated protein will instead pack in a manner that is sub-optimal for positioning the loop region, with the lysine residues being farther apart (Fig. 7a) . The higher quality of the crystal formed by the methylated protein is evidenced by the higher resolution of diffraction data (2.56 vs. 2.0 Å ) and lower overall temperature factor (76.24 vs. 7.09 Å 2 ) of the crystal structure.
Conclusion
We have provided a theoretical explanation on the enhanced crystallization behavior of oxidoreductase from S. pneumoniae after reductive methylation on lysine residues. Our molecular dynamics simulations demonstrate that the side chain conformational entropy of dmLys is larger than unmethylated lysine, which poses a larger penalty for crystallization. However, this penalty is more than compensated by the entropic gain from the release of water molecules due to the solvent reorganization near the lysine residue after methylation. Contrary to the native lysine, the dimethyl lysine residue becomes a hot spot for inter-molecular interactions, adding to the possible crystal packing patterns, which may lead to the crystallization of incalcitrant protein targets and/or improved crystal quality. Fig. 7 Cartoon diagram of different crystal packing of the same protein before and after methylation on Lys138, which are shown in spheres. a The crystal packing of the unmethylated protein 2HO5, with Lys138 being far apart and the loop region between residues 154 and 171 tend to disrupt the crystal contact surface. b The methylated protein, 2HO3, packs in a different manner, with two dmLys forming head-to-head contact. The same loop region is now nestled in the V-shaped valley formed by the two helices, thus forming a more stable packing
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